The nuclear spin-lattice relaxation of 27 A1 NMR in AlBr 3 has been examined from 25 to 320 K. The result is analyzed using a theory of the Raman process based on covalency. A Debye temperature of 118 K is obtained together with a covalency larger than that obtained from the relaxation in the 81 Br NQR.
Introduction
In the preceding paper [1] we dealt with the nuclear relaxation of bromine NQR in aluminium tribromide (AlBr 3 ) using a theory of the Raman process based on covalency [2] . Although the aluminium NQR is also reported in [3] [4] [5] [6] , there are some difficulties in applying the theory to the relaxation [1] . One of the difficulties originates from the large asymmetry parameter 0.747 [4] , This brings about considerable mixing among the states specified by the magnetic quantum number m. Then the transition probabilities for the quadrupolar relaxation involve large cross-terms of the matrix elements for transitions Am = ± \ and Am = ±2, and the existing theories cannot be applied. When the relaxation is treated in a strong external magnetic field, this problem is avoided since the Hamiltonian is then dominated by the Zeeman term; the eigen states can be specified properly by m. The purpose of the present paper is to show a way of handling the remaining difficulties and to provide information complementary to the bromine NQR study.
There is another motivation for the present study. AlBr 3 molecules are known to intercalate into graphite with Br 2 molecules to form ternary compounds [7] , We found that the 27 A1 NMR of AlBr 3 changes drastically on intercalation [8] , However, there is little information about the relaxation in pure AlBr 3 . To obReprint requests to Dr. N. Okubo. tain the standard for comparison of the NMR is the second purpose.
Experimental
Since AlBr 3 is extremely hygroscopic, it is difficult to obtain ideal powder samples. The sample was prepared by melting and annealing as before, but a quartz ampoule was used in place of the pyrex one to avoid the 27 A1 signal from pyrex glass.
The use of NMR for observing the 27 A1 nuclei has an advantage over NQR: The resonance frequency is elevated up to a more reasonable value, and the observation is facilitated. The 27 A1 NMR was observed with a pulse spectrometer (Matec Inc.). The relaxation was examined from 25 K to 320 K in a field of 7 T but also in 4.7 T at 77 K and room temperature. The spin echo signal after 7r/2 -zr pulses was monitored. The spectrum was obtained as the envelope of the echo height measured with varying the frequency. The relaxation was examined by measuring the echo height at the center frequency, S (t), at time t after saturation by another 7r/2 pulse. T 2 was 2.5 ± 0.5 ms and T 2 * was 16 + 4 ps, typically at 77 K. Figure 1 shows the line shape of 27 A1 NMR. The pattern was almost independent of the temperature, but somewhat dependent on the setting of the sample in the magnet because it was polycrystalline. However, it roughly corresponds to the powder pattern [9] derived with the coupling constant e 2 Q q = 13.57 MHz and the asymmetry parameter q = 0.747 [4] , and the width is nearly inversely proportional to the strength of the field. Therefore the observed signal is the central transition {m = 1/2 to -1/2) broadened mainly by the second-order perturbation of the quadrupolar interaction. The magnetic relaxation of the system with spin / = 5/2 is governed by three characteristic times, under an initial condition symmetrical about ± m. They are written as ( 
Results and Discussion

Origin of Relaxation
where and W 2 are defined with P (m, m + /i)
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The magnetization recovery curve can be derived by regarding the effect of application of saturating n/2 pulse as only equalizing the populations of two levels corresponding to the frequency. For the magnetic relaxation of the system it can be shown that
On the other hand, for the quadrupolar relaxation the pre-exponential coefficients depend on the ratio of W x and W 2 but, as shown later, we are particularly concerned with the case If the BPP type relaxation mechanism was dominant, the relaxation rate should be inversely proportional to the square of the strength of the magnetic field in the region where it increases with increasing temperature, whether the relaxation is magnetic or quadrupolar. Therefore, the BPP type mechanism is excluded.
Expression for Raman Process
In the following the Raman process is assumed. For brevity, in the dimer Al 2 Br 6 [11] , three mirror planes perpendicular to each other are assumed; the bisecting plane of the terminal bonds contains the bridging bonds, and vice versa. The bridging Br atoms are numbered as 1 and 2, and the terminal ones as 3 and 4, in accordance to [12] , Furthermore, in order to apply Yosida and Moriya's theory assuming the equivalence of the ions [2] , the four Br ions are assumed to be equivalent, so that we do not expect complete numerical agreement between the theory and the experiment. Then P(m,m + p)(p = 1, 2) due to the Raman process is given for any spin I by
The notation is the same as in [1] . In the present case, < ) means the expectation value with respect to the valence p electron of Al atom. The sound velocity v s is related to the Debye temperature 0 D by
Summation over the angle made by any bond pair, 0, has been introduced to avoid the use of large v in applying the theory to the case involving several different bond angles, and instead N MV and D v (v = 1 to 3) have been left to be functions of 4>.
Since the sample was, though not powder, polycrystalline, N MV must be averaged about the orientation of the field H 0 . After averaging, is expressed with a measure of covalency, /, and its first and second derivatives with respect to r, A' and A", as follows: 
Equation (7) can be applied to any equivalent bond pair in NMR of powders. The derivation of these expressions is given in the Appendix. D V (T*) is defined as 
where
and { } k means the average about the direction of k, k being the wave vector of the phonon, and k its magnitude, n denotes the unit vector along the bond. Since W^p = 1, 2) is related with P(m,m + p) by (2) and N 2v = NJ4 by (7) 
Estimation of Debye Temperature
Introducing a scaling time t defined as
10007T a d v* 11 (10) can be reduced to a form convenient for fitting:
When bridging bonds are neglected, 34 v= 1 (12) and when bridging bonds are also taken into account, In (12) and (13), 4> n denotes the angle between the bonds n and ri, and
By fitting (12) or (13) to the experimental result, we can determine 0 D together with x as fitting parameters. The relation
Temperature (K) Fig. 4 . The result of a least-squares-fitting of (12) . The result for (13) is omitted because it is almost superposed by that for (12) .
was assumed with a value of 0.345 Ä for the repulsive range parameter g as before [1, 2] . Using a = 2.28 Ä as an average for terminal bonds we have u = -4.304 A and v = 42.359 A. The values of N lv calculated from (7) are given in Table 1 . A value of 2.753 was used for c = k D a. The integration in (8) was carried out numerically. Table 2 and Fig. 4 show the results of a leastsquare-fitting. The present value of d D for Al atoms, 117.8 or 117.6 K, is much higher than that obtained for Br atoms, 67.6 K [1], For AlBr 3 the value of d D has not been determined either from the experiment of the specific heat or from the temperature factor in the X-ray analysis. In the case of SbCl 3 [13] a value of d D higher than that for the halogen atoms was calculated for the central metal from the temperature factor. For v s we obtain a value of 1.30 or 1.29 x 10 5 em/sec by means of [6] .
Estimation of Covalency
Now we can estimate A from t using (11) . The e 2 Q(r~3} is given by (5/4)e 2 Qq al , e 2 Qq at being the quadrupole coupling constant for the free atom, reported to be 37.52 MHz for 27 A1 [14] . We obtained the values of /. in Table 2 . A corresponds to the number of electrons on each bond, effective for the largest component of the EFG along the bond [1, 13] . Therefore, when there are several bonds, A should be compared not with the ratio / = e 2 Q q mol /e 2 Q q ai for the whole molecule buth with / for each bond.
Casabella et al. [4] Table 2 should be compared with the average of these values. In the preceding paper [1] the low value of A for Br atoms was attributed to the low estimate of d D . For Al atom, certainly, corresponding to the much higher 0 D , a much larger a has been obtained. However, the values of A are still smaller than either value of / for each bond. Since in (12) and (13) the first terms are positive and dominant, we may expect that these equations approximately give the lower and upper limits of the observed transition probability H^b s , respectively. However, the present situation is expressed in terms of IF as Kb, < w ca\c (bridging neglected)
< IF calc (bridging included), whichever value of / for each bond is used for /.
Concluding Remarks
By the use of NMR the problem originating from the mixing of spin states in the NQR has been avoided. An approach to the quadrupolar relaxation in a multi-bond system by means of the theory of the Raman process has been shown. The estimated covalency is relatively small compared with the values estimated from the NQR frequencies. Nevertheless, taking into account the crudeness involved in the theory and the present analysis, it should still be noted that the theory of the Raman process gives a substantially correct order of magnitude of covalency.
Appendix
Derivation of iV MV
In (4.35) and (4.36) of [2] ,
is expressed with the direction cosines of bonds n and n in the coordinate system whose z axis is taken along the external magnetic field H 0 . Due to the nature of the direction cosines, can be written as a sum of terms consisting of the powers only of the direction cosines to the z axis, y" and y n .. To average the powers of, say and y 2 with respect to the direction of H 0 , we introduce the new coordinate system shown in Fig. 5 , where the -x axis is taken as the bisector of the bond angle Br(l)-Al-Br(2), and the z axis is taken in the plane of these bonds. Then y x is written as the inner product of the unit vector along the bond Al-Br(l), (-cos(0 12 /2), 0, sin(0 12 /2)), and the unit vector along the field, (a H , ß H , y H Here the averages 4 = ^=1/3, 4 = ^=1/5, ^ = 1/15, and have been used. Since the coordinate axes have been chosen irrespectively of the principal axis system, the above result can be generalized to any bond pair. Substitution of the results into the direction averages in I W* n (<?<y ) (erer') yields the expressions for N 11V in the text.
